Mice were generated with targeted disruptions in Hoxa7 and Hoxb7, respectively. Mice carrying the Hoxa7 mutation are healthy. No abnormalities in the formation of the skeleton or other tissues were found in these mutants. Twelve percent of Hoxb7−/− mutants show first and second rib defects similar to those observed in mice homozygous for a Hoxb9 mutation (Chen, F., Capecchi, M.R., 1997. Dev. Biol. 181,[186][187][188][189][190][191][192][193][194][195][196]. Hoxb7−/− mice are also fertile and were used to generate double mutants with Hoxa7 to reveal potential interactions between these two paralogous genes. Mice homozygous for both mutations have first and second rib defects with higher penetrance and increased expressivity, indicating a functional role for Hoxa7 in the patterning of the upper thoracic region. Although Hoxb6, Hoxa7, Hoxb7, and Hoxb9 have distinctive anterior expression limits in axial mesoderm, the disruptions of these genes all yield first and second rib defects. A hypothesis is suggested to explain the observation that axial defects in these and other mouse Hox mutants appear to concentrate along the axial column at zones of transition between vertebral types.
Introduction
The mammalian Hox complex contains 39 genes distributed on four linkage groups designated as HoxA, B, C, and D. Based on DNA sequence similarity and the position of the genes on their respective chromosomes, individual members of the four linkage groups have been classified into thirteen paralogous families. Members of the same paralogous family are not only similar in terms of DNA sequence, but also exhibit very similar patterns of gene expression, suggesting overlapping functions. Interestingly, in a given linkage group, a 3′ Hox gene is activated prior to and in a more anterior region of the embryo than its 5′ neighbor. This correlation between expression pattern and relative position on the chromosome is called temporal and spatial colinearity (Duboule and Dollé, 1989; Graham et al., 1989; Duboule, 1994; Capecchi, 1997) .
Hox genes encode transcription factors belonging to the Antennapedia homeodomain class. In Drosophila, the homologous genes (Hom-C genes) are used to pattern the developing embryo along its rostro-caudal axis (Akam, 1987; Gehring, 1987) . Mutations in some of these genes change the identity of one parasegment into that of a neighboring parasegment (Lewis, 1978) . Mutational analysis in the mouse has demonstrated that Hox genes, alone and in concert with other Hox genes, are also used to regionalize the embryo along its major body axes (Chisaka and Capecchi, 1991; Lufkin et al., 1991; Chisaka et al., 1992; Le Mouellic et al., 1992; Condie and Capecchi, 1993; Dollé et al., 1993; Gendron-Maguire et al., 1993; Jeannotte et al., 1993; Ramirez-Solis et al., 1993; Rijli et al., 1993; Small and Potter, 1993; Davis and Capecchi, 1994; Kostic and Capecchi, 1994; Satokata et al., 1995; Suemori et al., 1995; Boulet and Capecchi, 1996; Goddard et al., 1996; Barrow and Capecchi, 1996; Chen and Capecchi, 1997; Godwin and Capecchi, 1998) .
The 'posterior prevalence' hypothesis postulates that in a given region, the most posterior expressing Hox gene (the most 5′ and most recently activated gene due to spatial and temporal colinearity), tends to take a dominant role in determining the regional identity (Duboule and Morata, 1994) . This hypothesis, combined with the hypothesis that the identities of individual segments are determined by a specific subset of expressed Hox genes, predicts that loss-offunction mutations in Hox genes will lead to anterior transformations near the anterior expression boundary of the disrupted gene. Anterior transformations in the axial column near the anterior expression limit of the gene have been observed in many Hox gene loss-of-function mutants (Le Mouellic et al., 1992; Dollé et al., 1993; Condie and Capecchi, 1993) . However, exceptions to this rule also exist. Posterior transformations, deletions, additions, and malformations of structures as well as defects in regions other than in the zone defined by the anterior expression domains have been observed (Lufkin et al., 1991; Chisaka and Capecchi, 1991; Chisaka et al., 1992; Jeannotte et al., 1993; Ramirez-Solis et al., 1993; Small and Potter, 1993; Condie and Capecchi, 1993; Davis and Capecchi, 1994; Davis et al., 1995) .
Herein we describe the phenotypic consequences of disrupting Hoxb7 in mice, as well as the effects of combining Hoxa7 and Hoxb7 mutations. These mice show defects in the formation of the thoracic skeleton. Interestingly, although Hoxa7 and Hoxb7 have anterior expression limits in prevertebrae that will form the craniocervical vertebrae, the effects of these mutations are felt posterior to this expression limit, in the formation of the first two thoracic vertebrae. The vertebral defects in these and many other Hox mutant mice often appear to accumulate along the axial column in the zones of transition between vertebral types.
Materials and methods

Targeting vectors
Genomic clones containing the Hoxa7 gene and the Hoxb7 gene, respectively, were isolated from a bacteriophage lambda DNA library prepared from mouse CC1.2 embryo-derived stem (ES) cells (Rancourt and Capecchi, unpublished results) . For Hoxa7, a replacement-type targeting vector was constructed with KT3NP4neopa, a neo r expression cassette (Deng et al., 1993) , inserted into the BglII site of the homeodomain-coding region (homeobox) of Hoxa7 (Kostic, 1993) . This cassette has a polyA signal and stop condons in all three reading frames, so that the translation of sequences downstream from the neo r insertion is prevented. The construct contains 1.7 kb of genomic sequences upstream and 3.5 kb of genomic sequences downstream of the neo r insertion. Completion of this targeting vector involved flanking the Hoxa7 genomic sequences with the Herpes simplex virus (HSV)1 and HSV2 thymidine kinase (tk) genes. For Hoxb7, 7.5 kb HindIII-EcoRI and 2.6 kb EcoRI-SacI genomic subclones were used to construct a replacement-type targeting vector. A KT3NP4neopa cassette was inserted into the BglII site in the homeobox of Hoxb7. This insertion terminates the Hoxb7 protein prematurely and disrupts the homeodomain. The Hoxb7 genomic sequences were also flanked by the tk genes.
Electroporation and the generation of Hoxa7, Hoxb7, and Hoxa7/Hoxb7 mutant mice
For Hoxa7, the targeting vector was linearized and electroporated into CC1.2 ES cells (Deng and Capecchi, 1992) . ES cells containing a disruption of the Hoxa7 gene were enriched by positive-negative selection (Mansour et al., 1988) . DNA samples isolated from colonies of ES cells were digested with BamHI and probed with a 3′ flanking probe (Fig. 1) . Out of 64 ES cell lines tested, 13 contained the desired Hoxa7 mutation. For Hoxb7, the targeting vector was linearized by digestion with NotI and electroporated into R1 ES cells (Nagy et al., 1993) . ES cells containing a disruption of the Hoxb7 gene were also enriched by positive-negative selection (Mansour et al., 1988) . DNA samples isolated from colonies of ES cells were digested with EcoRV and probed with a 3′ flanking probe (Fig. 2) . About 2% of the ES cell lines contained the desired Hoxb7 mutation. The targeted ES cells were used to generate chimeric mice that transmitted the Hoxa7 and Hoxb7 mutant alleles to their progeny, respectively. Since both Hoxa7−/− mice and Hoxb7−/− mice are fertile (see Section 3), compound heterozygotes for Hoxa7 and Hoxb7 mutations (Hoxa7 ± and Hoxb7 ± ) were obtained from crosses between mice homozygous for either the Hoxa7 or the Hoxb7 mutations.
Genotype analysis
DNA was prepared from tail biopsies of adult and newborn mice, and from yolk sacs of embryos. Genotypes were determined either by Southern transfer analysis or PCR. Hoxa7 genotypes can be determined by a BamHI digestion and a XhoI-BamHI probe. Hoxb7 genotypes can be determined by an EcoRV digestion and a 3′ flanking probe (EcoRI-BglII). The sequences of the PCR primers used for genotyping Hoxa7 and Hoxb7 were:
Hoxa7 forward primer: 5-′GACCCGACAGGAAGC-GGG-3′; Hoxa7 reverse primer: 5′-GTAACTAAAATCAAT-GAGTCTC-3′; neo reverse primer for Hoxa7 and Hoxb7: 5′-GTCCAATCAATTGGAAGTAGCC-3′; Hoxb7 forward primer: 5′-GCCTGACCGAAAGC-GAG-3′; Hoxb7 reverse primer: 5′-CCACTT-CATGCGCCGGTT CTG-3′.
Histology
Newborn mice were euthanized with CO 2 , fixed in 4% formaldehyde in phosphate-buffered saline (PBS) overnight at room temperature (Thomas and Capecchi, 1990) , and embedded in paraffin according to standard protocols. Ten-mm serial sagittal sections were collected and regressively stained with hematoxylin-eosin (Chisaka and Capecchi, 1991) . Newborn and adult whole-mount skeletons were prepared as described by Mansour et al., 1988 . Neurofilament staining in embryos with a monoclonal antibody 2H3 (University of Iowa Hybridoma Center, IA) was performed with minor modifications according to the methods described (Chisaka and Capecchi, 1991) .
Results
The generation of the Hoxa7 and Hoxb7 mutant mice
The structures of the targeting vectors used to disrupt Hoxa7 and Hoxb7 in ES cells are described in Section 2. The insertions of the neo r expression cassettes into the homeoboxes of Hoxa7 and Hoxb7 terminate the corresponding proteins prematurely and disrupt the homeodomains. Therefore, the insertions should render the genes nonfunctional with respect to DNA binding ( Figs. 1 and 2) . Southern transfer analyses, using 5′ and 3′ flanking probes as well as internal probes, were performed to ensure that no rearrangements of these loci had occurred other than the desired neo r insertions into the homeoboxes. Representative targeted ES cell lines were used to produce chimeric males that passed the Hoxa7 or the Hoxb7 mutation, respectively, through the germline (Figs. 1 and 2 ).
Hoxa7 mutants have no apparent abnormalities
Mice heterozygous for the Hoxa7 mutation were intercrossed to produce homozygotes. Adult Hoxa7−/− mice were obtained at the expected frequency (i.e. predicted from a Mendelian distribution of mutant and wild-type alleles), indicating no loss of mutant mice as a consequence of embryonic or post-natal lethality. Mice heterozygous and homozygous for the Hoxa7 mutation appear outwardly normal and animals of both sexes are fertile. Neither examination of gross anatomy, nor analysis of histological sections showed any apparent abnormality in the Hoxa7−/− mice (data not shown). A total of 53 mice (8 +/ + , 29 ±, 16 −/ −) were used for skeletal preparation. No defects in the skeletons of ± or −/− mice were apparent (Table 1) .
Hoxb7 mutants have rib fusions in the upper thoracic region
Mice heterozygous for the Hoxb7 mutation were intercrossed to produce homozygotes. Adult Hoxb7−/− mice were obtained at a frequency predicted from a Mendelian distribution of mutant and wild-type alleles, again indicating no loss of mutant mice as a consequence of embryonic or post-natal lethality. Mice heterozygous and homozygous for the Hoxb7 mutation appear outwardly normal and animals of both sexes are fertile. A total of 63 mice (9 +/+, 34 ±, 26 −/−) were used for skeletal preparation (Table 1) . Three of the 26 Hoxb7−/− mice (12%) tested have abnormal rib patterning in the upper thoracic region, a phenotype very similar to that observed in the Hoxb9 mutant homozygotes (Fig. 3, and Chen and Capecchi, 1997) . Two of these three Hoxb7−/− mice have fusions between the first and the second pairs of ribs. The fused ribs attach to the sternum at the place where the first pair of ribs normally attaches. The ectopic rib fusions lead to abnormalities in the segmentation of the sternum (i.e. a reduction of the number of sternal segments from seven to six). The first pair of ribs in the third affected homozygote was reduced to small knobs, leaving only six pairs of ribs attaching to the sternum. No other skeletal abnormality was found in the Hoxb7 ± and Hoxb7−/− mice. Gross anatomy and examination of histological sections did not reveal any apparent defects in the internal organs of these mice (data not shown).
Defects in the Hoxa7/Hoxb7 double mutants
Since Hoxa7−/− mice and Hoxb7−/− mice are fertile, compound heterozygotes for both mutant alleles were obtained from crosses between Hoxa7−/− and Hoxb7−/− mice. These compound heterozygotes appeared outwardly normal and were fertile. From crosses between compound heterozygotes, mice of all nine possible offspring genotypes were obtained at the expected Mendelian ratios, indicating that all genotypes, including double mutant homozygotes, were viable.
Compound heterozygotes (Hoxa7 ± ; Hoxb7 ± ) do not show any apparent mutant phenotype. When one additional Hoxa7 wild-type allele is inactivated, one out of 11 (9%) examined had first and second rib fusions. This observation suggests that Hoxa7 has functional roles in the patterning of the upper thoracic region, which were not revealed in the Hoxa7−/− mice, possibly due to overlapping functions provided by Hoxb7. An increase in the penetrance of the first and second rib defects of Hoxb7−/− mice was observed when one or two copies of the Hoxa7 gene were inactivated (Table 1, Fig. 4) . Whereas approximately 12% of Hoxb7−/− mice show first and second rib defects, 45% of the Hoxa7 ± ; Hoxb7−/− mice and 71% of the Hoxa7−/−; Hoxb7−/− mice show rib defects (Table 1 ). These observations again support the hypothesis that these two genes function quantitatively together to pattern the upper thoracic region.
Sagittal and parasagittal sections of newborn Hoxa7−/−; Hoxb7−/− mutant mice reveal a significant reduction in the size and an alteration in the shape of the thymus relative to that of wild-type controls. The histological features of the thymus of these mice, however, appear normal (Fig. 5A,B) . A very similar phenotype has been described in the study of the Hoxb9 mutants, in which the thymus phenotype has been attributed to a reduction of space in the upper thoracic region due to rib fusions (Chen and Capecchi, 1997) . The smaller thymus observed in the Hoxa7/Hoxb7 double mutant mice is also likely to result from space constraints caused by the first and second rib defects. Since neither gene is expressed in the thymus or thymic primordium, the reduced thymus of Hoxa7/Hoxb7 double mutants appears to be an indirect result of the disruption of Hox gene functions in this region.
Immunohistochemistry with the 2H3 antibody (directed against a subunit of the neurofilament protein; Dodd et al., 1988), as well as analysis of hematoxylin and eosin stained sections, were utilized to examine E12.5 and E14.5 embryos for alterations in the nervous system. In one set of experiments, alcian blue was used to stain the cartilage of the embryos after they were immunostained by the 2H3 antibody. The stained cartilage serves as a landmark when comparing the spatial patterning of the nerves. No neuronal defects were apparent in Hoxa7−/−;Hoxb7−/− mutants either in the body wall or the limbs (data not shown). Transverse sections of newborn Hoxa7−/−;Hoxb7−/− mutant mice were stained with hematoxylin and eosin (H and E) to examine the spinal cord, dorsal root ganglia, and other neural tissues. No neural defects were found in the Hoxa7/ Hoxb7 double mutants (data not shown).
Discussion
Hoxa7 and Hoxb7 are involved in the patterning of the upper thoracic region
No defects have been detected in mice heterozygous or homozygous for the Hoxa7 mutation. This does not imply that Hoxa7, by itself, does not have a function during the developmental and/or postdevelopmental period of the mouse, but rather that under our laboratory conditions, we have failed to define such a role. For example, physiological roles apparent only under metabolic stresses would have been missed by our analysis. The absence of Hoxa7 in Fugu rubripes, a teleost fish, suggests that this gene does not play an essential role in a biological process common to Fugu rubripes and mammals (Aparicio et al., 1997) . Interestingly, Fugu rubripes do not have ribs. It is therefore possible that retention of Hoxa7 in mammals in part is associated with its role in the patterning of thoracic vertebrae. Consistent with this hypothesis, Danio rerio (zebrafish), which has ribs, has retained homologues of the mammalian Hoxa7 and Hoxb7 genes (Prince et al., 1998) . Twelve percent of Hoxb7−/− homozygotes, but not heterozygotes, have upper rib cage defects similar to that observed in Hoxb9 mutant homozygotes. The defects in these mutants are typically fusions between the first two pairs of ribs. The rib fusions lead to abnormal segmentation of the sternum that usually includes a reduction of the number of sternal seg- ments from seven to six. Although the Hoxa7 mutants have no apparent rib abnormalities, the addition of two Hoxa7 mutant alleles to the Hoxb7± background resulted in rib fusions in one out of nine of such mice tested. The percentage of Hoxb7−/− mice that have rib fusion defects increases from 12% to 45% when one Hoxa7 mutant allele is added. This percentage increases to 71% when two Hoxa7 mutant alleles are added to Hoxb7 mutant homozygotes. These data suggested that both Hoxa7 and Hoxb7 have overlapping functions and interact to pattern the upper thoracic region. In Hoxa7−/− mice, the loss of patterning functions of Hoxa7 appears to be compensated by the overlapping functions of Hoxb7 and possibly other Hox genes.
Potential interactions between Hoxa7, Hoxb7 and other developmental control genes
Loss-of-function mutants of Cdx1 or Mll cause first and second rib fusions strikingly similar to that of the Hoxa7/ Hoxb7 mutants, suggesting that they may function in similar developmental pathways as Hoxa7 and Hoxb7 in the specification of thoracic structures in the developing embryo (Subramanian et al., 1995; Yu et al., 1995) . In these mutants, the expression patterns of Hoxc5, Hoxc6, Hoxc8 and Hoxa7, but not Hoxd3, were affected. It is reasonable to speculate that the expression of Hoxb7 may also be affected in these mice, and the alteration in the expression of these Hox genes resulted in phenotypes similar to that of the Hoxa7/Hoxb7 mutant mice. Abnormal vertebrosternal positioning of the second rib to pre or mid manubrium rather than at the normal manubriosternal junction, which was similar to that observed in Hoxa7/Hoxb7 mutants, was seen in Mll ± mice. Moreover, Hoxa7 and Hoxc9 expression shifted in Mll ± mice and was completely eliminated in Mll−/− mice (Yu et al., 1995) . Therefore, Mll may be another potential regulator that is required for the initiation and/or maintenance of expression of a subset of the Hox genes.
A first and second rib fusion was also observed in mice deficient for goosecoid (gsc), a homeobox-containing gene. Interestingly, the fused first and second ribs contacted the sternum close to or at the normal attachment point for the second pair of ribs rather than for the first pair of ribs as in the case of Hoxa7/Hoxb7 mutants. As a consequence, the rib fusions in gsc−/− mice, unlike the fusions in Hoxa7/Hoxb7 mutants, do not reduce the number of segments of the sternum (Rivera-Perez et al., 1995) . This observation suggests that the first and second rib fusions do not by themselves lead to a reduction in the number of sternobrae. Furthermore, Hox genes and gsc may function independently to control different aspects of rib (and sternum) development, while the individual mutations lead to similar rib fusion defects.
The patterning of the axial vertebrae in Hox mutants
Interestingly, although during the formation of somites, Hoxa7, Hoxb6, Hoxb7 and Hoxb9 have distinct anterior expression limits that extend anterior to the cervicothoracic prevertebral junction (Mahon et al., 1988; Vogels et al., 1990; Burke et al., 1995; Knittel et al., 1995; Chen and Capecchi, 1997) , disruption of these genes all contributes to defects in the formation of the first two thoracic vertebrae. In fact, a review of the Hox literature indicates that the consequences of Hox gene mutations are often observed at the transitions between vertebral types (Le Mouellic et al., 1992; Jeannotte et al., 1993; Small and Potter, 1993; Davis and Capecchi, 1994; Kostic and Capecchi, 1994; Favier et al., 1995; Rancourt et al., 1995; Rivera-Perez et al., 1995; Suemori et al., 1995; Subramanian et al., 1995; Yu et al., 1995; Boulet and Capecchi, 1996; Chen and Capecchi, 1997) . Vertebrae can be grouped into anatomically distinctive blocks: cervical vertebrae (C1-C7), upper thoracic vertebrae (T1-T7), lower thoracic vertebrae (T8-T13), lumbar (L1-L6), sacral (S1-S4) and caudal (C1-Cn). The accumulation of defects at the transition boundaries between vertebral types suggests a role for Hox genes in specifying the distinction between vertebrae, as opposed to, for example, merely specifying the number of vertebrae. Consistent with this hypothesis, Burke et al. (1995) have shown that in vertebrates such as the chick, which have different numbers of cervical and thoracic vertebrae relative to mammals, the anterior limits of some Hox gene expression does coincide with the type of vertebrae, rather than with the absolute number of vertebrae in the respective organism. However, even mutations in Hox genes, whose anterior limits of expression do not coincide with points of transition between vertebral types, often show defects at the next caudal boundary of transition between vertebral types. This suggests that the transition zones between vertebral types are particularly sensitive to the impact of changes in Hox gene expression (i.e. that result from loss of Hox gene function). This in turn suggests that the vertebral types are made in blocks and that the temporal phasing of these blocks is mediated by the ordered dosage of Hox gene expression within each region. This could be accomplished by a variety of mechanisms, including initiation of each vertebral class by a separate cell cycle (Crawford, 1995) . Consistent with this hypothesis, it is interesting that the formation of six or seven somites, that encompass a block of vertebrae, occurs every 24 hours, which is also equivalent to a full cell cycle for the mesenchymal cells responsible for forming the somites. The sensitivity of the vertebral transition zones to Hox gene mutations could reflect an attempt by the Hox expressing cells trying to rectify for the missing information during the subsequent cell cycle and therefore become apparent at the transition boundaries between vertebral types.
In summary, although both Hoxa7 and Hoxb7 have early embryonic anterior limits of expression anterior to the cervicothoracic transition zone (Mahon et al., 1988; Vogels et al., 1990; Knittel et al., 1995) , the consequences of their mutations are felt in the formation of the first and second thoracic vertebrae. This observation is discussed in terms of mechanisms whereby Hox genes mediate the formation of blocks of vertebral types in order to promote their distinctiveness.
